approximation, the Cartesian coordinates of a twodimensional sheet of RGCs are mapped onto a second two-dimensional sheet of target neurons in the SC. Thus, RGC axons from the extreme nasal retina project to the caudal (posterior) end of the SC (referred to as the tec- 
temporal retina (Nakamoto et al., 1996; Monschau et al., greater separation than heterozygotes. Third, this separation might be expected to be less pronounced in pro-1997). Similarly, the aberrant retinocollicular projections seen in mice with a deletion of the ephrin-A5 gene (Frisé n jections arising from the temporal retina, since the relative difference in summed EphA receptor levels between et al., 1998) suggest that ephrin-A2 and -A5 together form a smooth gradient of ephrin expression and axonIsl2 ϩ and Isl2 Ϫ RGCs should decrease as the endogenous EphA5 ϩ A6 level rises; and this temporal "narrepellent activity across the mouse SC (Zhang et al., 1996; Frisé n et al., 1998); and when both of these collicurowing" should be more pronounced in Isl2-EphA3 heterozygotes than in homozygotes. We describe the lar ligands are eliminated entirely, most features of retinocollicular r-c topography are lost (Feldheim et al., results obtained from tests of each of these predictions, which together demonstrate that retinocollicular map-2000).
The action of the ephrin-A ligands in mediating the ping is independent of the absolute level of EphA receptor signaling in RGCs, but at the same time is strongly development of r-c order in the retinocollicular projection is assumed to be due to their activation of the EphA dependent on relative differences in EphA signaling that exist between neighboring RGCs. receptors expressed on RGC axons. More importantly, it is further assumed that the differential responses of RGC axons along the t-n axis of the retina are due to Results graded, position-dependent differences in the expression level of EphA receptors. To date, these fundamental 
Isl2-Based Targeting of EphA3 to Retinal
, and since displaced amacrine approach in the absence of conditional gene inactivacells account for ‫%06ف‬ of the cells in this layer (Jeon tion. We have therefore adopted a gain-of-function stratet al., 1998). egy, and generated "knockin" mice in which an IRESGiven these expression profiles, we built the targeting EphA3 cDNA cassette is inserted into the 3Ј untranslated construct diagrammed in Figure 2A . A full-length mouse region of the LIM homeobox gene Islet2 (Isl2) (Tsuchida EphA3 cDNA, flanked at the 5Ј end by an internal riboet al., 1994). Isl2 is expressed in ‫%05ف‬ of RGCs, evenly some entry site (IRES) and at the 3Ј end by a polyadenyldistributed across the t-n axis of the retina (see below). ation signal, was inserted into the mouse Isl2 gene, at The use of the Isl2 gene to drive ectopic EphA3 expresan SphI site in DNA encoding the 3Ј untranslated region sion is predicted to produce two interspersed populaof the Isl2 mRNA (Figure 2A; Injections were performed at P11-P12, when the mouse retinocollihomozygous RGCs, the observed EphA3 mRNA signal was nearly comparable in intensity to the maximal cular map is mature. In some mice, we were able to make sequential injections, of DiI (red) and DiAsp (green), into EphA5 ϩ A6 mRNA signal seen in the temporal retina (1*). These results indicate that the retinocollicular map of the Isl2-EphA3 heterozygotes is well ordered, but that a given field of RGCs projects to two distinct TZs separated along the r-c axis.
Injections into the nasal retina of Isl2-EphA3 homozygotes-paired sequential injections of DiI and DiAsp are illustrated in Figure 4C -also always yielded two TZs in the SC. One of these was located at the anticipated caudal position (red TZ1 for DiI and green TZ2 for DiAsp), and a second ectopic TZ was again located at a more rostral site (red TZ1* for DiI and green TZ2* for DiAsp). However, the disparity between the relative r-c positions of these two TZs was much greater than the TZ separation seen in the heterozygotes (compare Figures 4B and  4C ). Thus, a 2-fold increase in gene dosage of the Isl2-EphA3 allele resulted in an increase in the rostral-ward shift of "ectopic" TZs. On average, this shift was itself ‫-2ف‬fold: nasal retinal injections in mice with one knockin allele yielded an average rostral-ward shift of 18.0% Ϯ 1.2% (n ϭ 8) of the r-c axis in the SC, while the same shift in Isl2-EphA3 homozygotes was 38.9% Ϯ 4.8% (n ϭ 8).
We carried out similar injections into the central and temporal retinae of wild-type and Isl2-EphA3 knockins at P11-P12 (Figures 4D-4F and 4G-4H). Single injections performed in the central retina again always yielded two rather than one TZ in the knockins. However, the relative r-c axial position of both TZs was increasingly shifted relative to wild-type, particularly in the homozygotes. The more caudal SC termination zone was displaced caudally, relative to the position seen in wild-type, whereas the more rostral TZ was shifted rostrally (compare Figures 4D and 4E ). These displacements were again more pronounced in Isl2-EphA3 homozygotes than in heterozygotes (compare Figures 4E and 4F) . Because of this, it was difficult to characterize the location of one TZ as "normal" and the other as "ectopic." neurons, in the nasal and temporal retina, respectively; whereas an injection into the central SC, where the upper t-n axis. However, these two curves converge into a single curve at ‫%57ف‬ of the t-n axis ( Figure 5B ). All and lower curves overlap, should label two RGC fields, whose positions should correspond to the x axis interretinal injections performed from 0%-60% of the t-n axis (n ϭ 14) yielded double TZs in the SC, ‫%81ف‬ of cepts of these curves. We tested these predictions by retrogradely labeling which exhibited secondary TZs that were split along the Figure 5C are shown the predicted positions of RGC fields along the t-n axis of the retina (dots on x axis) that should be labeled by injection of fluorescent latex beads into the SC of Isl2-EphA3 homozygotes at 57% of the collicular r-c axis (green arrow, lines, and dots) and at 28% of the r-c axis (red arrow, lines, and dot). The single green bead injection at 57% of the collicular r-c axis intersects both upper and lower curves, and is therefore predicted to yield two retrogradely labeled RGC fields in the retina, one at ‫%06ف‬ of the t-n axis and a second in extreme nasal retina. The single injection of red beads intersects only the lower curve, and is therefore predicted to yield a single retrogradely labeled RGC field at ‫%06ف‬ of the t-n axis, immediately nasal to the green RGC field at this position. Figure 5C and thus to yield a single retrogradely labeled RGC field at ‫%85ف‬
The positions of the red and green bead injections for this experiment, along both the rostral-caudal (r-c) and medial-lateral (m-l) axes of the SC, are indicated in the inset diagram. (B) Flat-mount montage of the contralateral retina connected to the SC injected in (A). The temporal-nasal (t-n) and dorsal-ventral (d-v) axes of this retina are indicated. Two green RGC fields are labeled-a major one at ‫%06ف‬ of the retinal t-n axis, and a minor one in extreme nasal retina. A single red RGC field is labeled. This field is at ‫%06ف‬ of the retinal t-n axis, and is immediately nasal to and partially overlapping with the green RGC field at this position. The red retrogradely labeled RGC field is slightly ventral to the green field, which is consistent with the fact that the red bead injection site in the SC is slightly medial to the green site (Figure 6A inset).

RGCs with focal injections of fluorescent (red-or green-SC in both wild-type and
x axis intercepts of the curves in Figures 5A and 5C , respectively. Injection of beads into the central SC of of the retinal t-n axis. Into the same SC, we also injected green beads at ‫%75ف‬ of the r-c axis, a site that is wild-type mice back-labeled a single RGC field in the center of the t-n axis of the retina ( Figure 7C ), but predicted to intercept both the upper and lower curves of Figure 5C , and thus to yield two retrogradely labeled a similar injection in Isl2-EphA3 homozygotes backlabeled two separate RGC fields, which are now located RGC fields, at ‫%3ف‬ and ‫%06ف‬ of the retinal t-n axis. These two predictions are diagrammed in Figure 6A , at opposite ends of the retinal t-n axis ( Figure 7D) The most straightforward interpretation of the mapping functions displayed in Figures 5B and 5C is that intercepts ( Figure 6A) ; and third, the temporal-most green field is nearly coincident with, but immediately the more caudal (upper) SC curves correspond to RGCs whose axons are EphA3 Ϫ , while the more rostral curves temporal to, the red field ( Figure 6A ). Note also that the green retinal RGC field is just dorsal to the red field correspond to EphA3 ϩ RGCs. We tested this interpretation by performing focal injections of fluorescent latex ( Figure 6B ), in keeping with the fact that the green bead injection site in the SC is positioned immediately lateral beads near the r-c midpoint of the Isl2-EphA3 homozygous SC, at 45% of the collicular r-c axis ( Figure 8A ). to the red site (inset, Figure 6A) .
We carried out a series of similar single-color retroThis axial position intersects both the upper and lower curves of Figure 5C , at ‫%02ف‬ and ‫%08ف‬ of the retinal grade axonal tracings across the full r-c extent of the t-n axis, respectively; and as expected, this single injecposition at which RGC neurons establish their terminal arbors. However, they further indicate that the level of tion back-labeled two RGC fields at these positions (Figure 8B) . We sectioned blocks of fixed retinal tissue conEphA signaling is not an absolute or fixed determinant of retinocollicular mapping, but that it is instead interpretaining the fluorescent beads in each of these fields, and performed digoxygenin-based in situ hybridization ted by developing RGCs in the context of competition with their neighbors for synaptic targets, axon branching for EphA3 mRNA on these sections. Our results predict that the temporal back-labeled RGC field of Figure 8B pathways, or other features of the neonatal SC that are present in limiting amounts. (at ‫%08ف‬ of the t-n axis) should be composed predominantly of cells that do not express knocked-in EphA3, since the position of this field corresponds to the inter-
Relativity and Competition in EphA Signaling
The retinocollicular projection in the Isl2-EphA3 homocept with the upper curve of Figure 5C . Similarly, the nasal RGC field is predicted to be composed predomizygotes has several informative features. First, there are two maps rather than one, and neither map is normal. nantly of EphA3 ϩ neurons. Consistent with these predictions, we found that bead-labeled RGCs expressing the Second, the axons of EphA3 Ϫ (wild-type) RGCs appear to be pushed from the rostral SC by their EphA3 ϩ neighhighest levels of EphA3 mRNA were located exclusively in the nasal projection field ( Figure 8C, upper panel) .
bors. Third, even extreme temporal EphA3 ϩ RGCs, which express much higher EphA levels than any RGCs (186 bead-labeled nasal RGCs were scored.) Similarly, bead-labeled RGCs in the temporal field (248 beadin a wild-type retina, still map to the SC. Fourth, the two maps together fill the entire SC, with no evident gaps. labeled RGCs scored) were largely devoid of EphA3 ( Figure 8C, lower panel) . site will project more caudally if it encounters RGC axons with higher EphA levels than itself. these receptors are exposed, together specify the r-c the EphA3 Ϫ RGCs in the knockins would cover the entirety of the r-c axis of the SC, as it does in wild-type mice, and that only the map formed by EphA3 ϩ axons would be compressed rostrally as a result of their higher level of EphA receptors (see Figure 5C ). However, we found that the two maps of the homozygous knockins are largely nonoverlapping ( Figure 5C ), with the r-c position at which EphA3 Ϫ temporal axons arborize approximating that of EphA3 ϩ nasal axons. This implies that most EphA3 ϩ axons are more strongly repelled by ephrin-A ligands than are EphA3 Ϫ temporal axons, and demonstrates that the axonal responses mediated by the normally high level of endogenous EphA receptors in temporal RGCs are not saturating. Moreover, our results suggest that the absolute level of EphA signaling is not by itself determinative with respect to the final r-c position of TZs, since EphA3 Ϫ temporal axons terminate in mid-SC in Isl2-EphA3 homozygotes, a position that is inappropriate for the level of EphA receptors that they express. The mapping of the EphA3 ϩ and EphA3 Ϫ RGCs in the homozygous knockins suggests a continuum in the overall level of EphA signaling; that is, within each map, the level of EphA signaling exhibits a decreasing t-n gradient, and both the signaling level and mapping of EphA3 ϩ nasal RGCs approximates that of EphA3 Ϫ temporal RGCs.
An additional feature of retinocollicular mapping in the knockins that argues for relative but not absolute EphA signaling is the observed difference in the mapping of EphA3 ϩ and EphA3 Ϫ temporal axons between the homozygous and heterozygous mice. The EphA5/6 receptor gradient runs from high temporal to low nasal, and as a consequence there is a greater relative disparity in summed EphA receptor levels between EphA3 ϩ and EphA3 Ϫ RGCs in the nasal as opposed to the temporal retina of Isl2-EphA3 heterozygotes, given a fixed level of superimposed EphA3 across the t-n axis. The data of Figure 5B suggest that the level of superimposed EphA3 expression in the extreme temporal retinae of the heterozygotes is sufficiently modest relative to the high endogenous EphA5/6 levels such that there is little were constructed from digital images using NIH image and Adobe Photoshop software. repulsion mediated by EphA5 appears to be involved in
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